Both fundamental and second harmonic amplitude squeezed lights were generated from an external cavity-enhanced singly resonant PPKTP frequency doubler. The effect of input coupling and fundamental power on the squeezing was experimentally investigated. It was shown that the optimal conditions (input coupling and fundamental power) are different for the squeezing of the fundamental and second harmonic lights. An agreement between experiment and theoretical prediction was found.
Introduction
The squeezed lights can improve precision measurements below the standard quantum noise limit (QNL) for optical detection [1] and can also be utilized to generate continuous variable entangled states that are essential resources for the field of quantum information science, such as teleportation [2] , cryptography [3] , quantum computing [4] and error correction [5] . Second harmonic generation (SHG) is not only a method to extend the spectrum of a laser to a short wavelength, but also has been proved to be an effective means of generating bright amplitude squeezed light [6] [7] [8] . Recently, some experiments have utilized quasi-phase-matched (QPM) crystals to achieve efficient SHG [10] and to generate continuous-wave amplitude squeezing light [11, 12] by SHG. For generation of squeezed light by SHG, QPM is very attractive because the largest nonlinear coefficient can be used and any nonlinear interaction within the transparency range of the material can be noncritically phase matched at a specific temperature, even interactions for which birefringent phase matching is impossible [13] . PPKTP has a relatively large optical nonlinearity and good power-handling capability in UV and visible spectra and can be used at room temperature. A further advantage of PPKTP is the high quality and homogeneity of the QPM structures generated by a cryogenic poling technique [14] . In this paper, we present experimental observations of both fundamental and second harmonic (SH) bright amplitude squeezed lights from an external cavity-enhanced singly resonant PPKTP frequency doubler. The system presented here can be used for high efficiency and simultaneous generation of squeezing lights with two different wavelengths. Such a 'two-colour' source is useful for long distance quantum communication, the wavelengths of the fundamental and SH fields can be readily chosen to be around 1560 nm which lies in a low-loss transmission window of optical fibres and 780 nm which is compatible with the absorption lines of alkaline atoms and can be used for storage and processing of quantum information.
Theory
For a singly resonant frequency doubler in which only the fundamental wave is resonantly enhanced, two methods have been used to analyse such a system: the mean-field approximation [8] which neglects the variation of the fundamental field in the nonlinear crytal (NLC) and a self-consistent method which considers the fundamental field depletion in the NLC [9] . Under our experimental conditions, the fundamental input is low and the dimensionless single-pass interaction length [9] satisfies ξ < 0.06; so the mean-field approximation method is enough to model our experiment. The amplitude quadrature noise spectra of the SH and the fundamental modes are given by [8] 
with
where V fu and V SH are fundamental mode amplitude quadrature noise spectrum and SH amplitude quadrature noise spectrum, respectively. |α| 2 is the average intensity of the fundamental mode inside the cavity and α in is the fundamental input field, µ is the two-photon damping rate, γ 0 is the input coupling for the fundamental mode and γ 1 is the intracavity loss rate at the fundamental, γ = γ 0 + γ 1 is the total linear damping rate and ν is the frequency in hertz.
For SHG, it is known that the lower intracavity loss rate and stronger nonlinear interaction can lead to higher SH amplitude squeezing. In real experiments, the available pump power α in , the nonlinear coupling µ, the intracavity loss rate γ 1 and the detection frequency ν are usually fixed. To get the highest SH amplitude squeezing, there exists an optimal input coupling γ 0 [15] which can be numerically determined by using equation (1) . The behaviour of the fundamental mode amplitude squeezing is different from that of the SH amplitude squeezing. By using equation (2), the best fundamental mode squeezing is
when µ|α| 2 = γ 2 + 4π 2 ν 2 /3. From equation (4), we can see that the lower intracavity loss rate γ 1 and higher input coupling γ 0 can lead to stronger fundamental mode squeezing. The equations given above will be used to determine all the theoretical values of the following experimental data. 
Experimental generation of bright SH amplitude squeezed light
The experimental setup for generating both fundamental and SH amplitude squeezed lights is depicted in figure 1 [16] . A homemade all-solid-state single frequency Nd:YVO 4 laser delivers 700 mW of infrared power at 1064 nm. A narrow line-width empty cavity (mode cleaner) was used to filter spatially and temporally the 1064 nm laser. After the mode cleaner, a TEM 00 beam was obtained, and the intensity noise of the laser reaches the quantum noise limit (QNL) at 5 MHz (0.1 dB above the QNL for a power of 32 mW). The frequency doubling cavity consisted of three different input couplers with transmission values of 1%, 2% and 5% at 1064 nm and high reflectivity at 532 nm and an output coupler with high reflectivity at 1064 nm and high transmission at 532 nm. The radius of each of the two curved mirrors is 20 mm and the beam waist of the fundamental beam inside the cavity is about 36 µm. The PPKTP crystal was positioned at the centre of the cavity, and its dimension is 1 × 2 × 10 mm 3 (thickness × width × length). Both end faces of the PPKTP were antireflection-coated at 1064 nm and 532 nm, respectively. The experimental value of the single-pass nonlinearity is 0.008 W −1 cm −1 . The intracavity loss is determined to be 1.2% by measuring the finesse of the cavity.
The green light was separated from the infrared by using a dichroic beam splitter and then its amplitude noise was measured by a self-homodyne detection system. A sample of our data with a 2% input coupler is shown in figure 2 . The squeezing is evident above 2 MHz and the maximum measured squeezing is 1 dB around 5 MHz. Considering the detection efficiency of 58.5%, the inferred squeezing is 1.9 dB. Figure 3 shows the SH amplitude squeezing observed with three different input couplers of 1%, 2% and 5%. The theoretical values calculated from experimental parameters are also shown, corrected with the detection efficiency of 58.5%. It can be seen that higher pump power can lead to stronger squeezing when the pump power is lower than 50 mW or so. When the pump power is higher than 50 mW, the squeezing degraded for the input couplers of 1% and 2%, which is inconsistent with the theoretical prediction. The probable reason is the onset of a parasitic intracavity nondegenerate optical parametric oscillator [17] . The deviation between theoretical and experimental values is probably due to the stochastic variation of the domain length for QPM crystals [18] and destructive interference that results from a double-passed standing cavity [10] . The theoretical values give the optimal input coupling of 0.92% with a pump power of 45 mW. Experimentally, the best input coupler was the one with a transmission of around 2%. 
Experimental generation of bright fundamental amplitude squeezed light
In figure 1 , the reflected pump beam, after the interaction with the SHG cavity, is reflected by a PBS after the double passage through the FR. Its amplitude noise was measured by a self-homodyne detection system. A typical noise spectrum with a 5% input coupler is shown in figure 4 . The squeezing is evident above 4 MHz and the maximum measured squeezing is 0.67 dB at 8 MHz. Considering the detection efficiency of 79%, the inferred squeezing is 0.86 dB. Figure 5 shows the fundamental amplitude squeezing observed with two different input couplers of 2% and 5%. We also presented the theoretical values calculated from experimental parameters, corrected with a detection efficiency of 79%. In our experiment, we also tried to employ an input coupler of 1%, but no squeezing can be observed. Both theory and experimental results showed that a higher input coupler is desired for greater fundamental amplitude squeezing. The probable reason for the deviation between theoretical and experimental values is the same as that of SH squeezing.
Conclusion
In this work, an external cavity-enhanced singly resonant PPKTP frequency doubler was utilized to generate fundamental and SH amplitude squeezed lights. The effect of input coupling and fundamental power on the squeezing was experimentally investigated; it was shown that the optimal conditions (input coupling and fundamental power) are different for the squeezing of the fundamental and SH lights. A qualitative agreement between experiment and theoretical prediction was found. Further optimization of the system including better coatings for the cavity mirrors and the PPKTP crystal, or utilization of a semi-monolithic/monolithic SHG cavity, reduced greatly unwanted losses. In addition, a wedged QPM crystal [10] should be used to ensure perfect double-pass SHG. After these improvements, a higher degree of squeezing is achievable at relatively lower input power levels, making the QPM singly resonant doubler a promising source of bright squeezed light.
